Plant sulpholipid, sulfoquinovosyl diacylglycerol (SQDG) 
Introduction. In modern scientific world of plant science cell membrane lipid component physiological role remained not investigated completely although it is proved that biological membrane fluidity plays a significant role in the perception of signals generated by environmental changes. Photosynthetic membrane lipid component peculiarities are substantially different from other types of biomembranes because they are closely related to the photosynthetic apparatus functioning. The presence of pigment in photosynthetic membranes and some characteristics of lipid matrix make them unique. Therefore our laboratories was engaged in investigation of just these lipid compounds. For a long time we studied the environmental factor action upon the lipid composition of different plants, and results obtained attracted our attention to sulfolipid behaviour, as in fruit trees, so in cereals. Therefore it became a cause of our interest to this compound identified as sulfoquinovosyl diacylglycerol (SQDG). It is known as plant sulfolipid that contains a sulfonic acid linkage characterized by carbon being directly bound to sulfur as C¾SO 3 -in contrast to the sulfate ester of animal sulfatides. It comprises between 8 and 24 % of the four major chloroplast lipids and contains a substantial quantity of high melting point fatty acids (16:0 + 18:0), in the range between 26 (Triticum aestivum) and 62 % (Carica papaya) [1, 2] . This substance with the structure of 1,2-di-O-acyl-3-O-(6-deoxy-6-sulfo-a-Dglucopyranosyl)-sn-glycerol was discovered by Andrew Benson with colleagues in 1959 [3] . Sulfonic acid of this type is chemically stable and strong acid in wide pH range [4] . Sulfoquinovose and its glycosides, glyceryl sulfoquinovoside and the SQDG comprise the most concentrated anionic sugar derivatives in plants under various conditions [5] . SQDG function is not known completely although it is not restricted to chloroplast membranes and a role in the regulation of ATPases has been proposed [6] .
Occurrence. SQDG has been found almost in all photosynthetic plants, algae, cyanobacteria, purple sulfur and non-sulfur bacteria [7] . In algae SQDG quantity is usually higher than in higher plant chloroplasts and about 70 % of the alga's sulfolipid is localized in the thylakoid [8, 9] . Sometimes in algae SQDG quantity surpasses other glycolipid content viz. Fucus vesiculosus has 22 % SQDG, 15 % of monogalactosyldiacylglycerol (MGDG) and 11 % of digalactosyldiacylglycerol (DGDG). In other algae SQDG content was comparable with galactolipids content -20 % SQDG, 37 % MGDG and 20 % DGDG in Acetabalaria mediterranea and 29 % SQDG, 29 % MGDG and 18 % DGDG in Chattonella antiqua [10] .
Cyanobacteria that belongs to the genus Chroococcidiopsis are widespread in nature and lipid composition of three wild terrestrial strains of this genus (Order Chroococcales): C. supralittoralis, C. umbratilis and C. vesanlis contain high quantity of SQDG. C. supralittoralis has 22.1 % versus 38.4 % of MGDG and 19.5 % of DGDG. C. umbratilis has 27 % versus 28.9 % of MGDG and 19.5 % of DGDG, and C. vesanlis -31.6 % at 14.5 % of MGDG and 20.6 % of DGDG of total polar lipid quantity [11] . In photosynthetic purple bacterium Rhodobacter sphaeroides SQDG content varies depending upon the conditions from 2.2 % up to 16.6 % (at phosphate starvation) [12] , in Rhodospirillum rubrum -2,6 % [13]. In some lichens the SQDG content sometimes surpasses the MGDG (Trebouxia impressa twice) and the DGDG (Trebouxia erici) content [14] . In the moss Rhytidiadelphus squarrosus (Hedw.) Warnst. SQDG content was more than 18 % of total glycolipids (whereas MGDG quantity was 55.8 % and DGDG -25.7 %) [15] .
Concerning this lipid acyl composition we could notice that major molecular species contain both palmitic and linolenic fatty acid residues [5, 16, 17] .
Dilinolenoyl and dipalmitoyl SQDG usually occurred in less amount [16, 17] . But in some algae palmitic acid residue was the main acyl group. So Antarctic sea ice diatoms (the algal composition in the culture was 66 ± ± 11 % of Navicula gelida var. antarctica, 20 ± 7 % of Fragilariopsis curta and 14 ± 9 % of Nitzschia medioconstricta had SQDG with 28.58 % of palmitic acid residue [18] . SQDG of red algae Anfeltia tobuchiensis contained 31.5 %, brown algae Laminaria japonica -45.2 % and green algae Ulva fenestrata -58.7 % of the total fatty acid content [19] . There are some plants that have significant amounts of oleic (Nerium oleander L., 12-14 %) and linoleic (Caricaceae, Passifloraceae, 10-16 %) residue [1, 17] , sometimes surpassing linolenic residue content -in plant Boea hygroscopica [20] and sugar beet (especially roots -55 %) [21] . Besides, a number of unusual sulfur-containing lipids were revealed in bacteria and algae [10, [22] [23] [24] , but none of the other sulfur-containing lipids can compete with SQDG in its quantity in the biosphere [25] .
Localization. SQDG appears to be concentrated in the outer and in the inner chloroplast thylakoid membrane of plants. This substance occurs in both membrane regions connected with its interaction with photosystem II (PS II) (normally in the appressed region) and CF0-CF1 (localized exclusively in the non-appressed region) [5] . Sundby and Larsson [26] argued that acidic lipids located in the inner leaflet of the bilayer could act as counterions for protons accumulated in the lumen and even serve as proton conducting pathways supporting Haines [27] proposal. Much less quantities of this compound was found in plant mitochondria -in mitochondrial lipids from avocado fruit 0.9 and 1.3 % of total lipid in cauliflower buds and 3.6 and 2.5 % in chloroplasts respectively. These quantities expressed per mg protein N were 99 and 56 nmol respectively and 135 and 95 nmol respectively [28] . In plant roots 0.084-0.188 mmol of the lipid per 1 g of fresh wheat roots and 0.087-0.113 mmol per 1 g of fresh oat roots depending on growing condition was found [29] . According to our data SQDG content in 8-day old wheat seedling roots was 0.12-0.35 mmol lipid per 1 g of fresh matter. But SQDG content amounted to 12-18 % in bean roots [30] and 19.5, 28 and 37.0 % of total extractable lipids in leaves, stalks, and roots sugar beet grown in climate chamber [21] .
Functions. Considering evidence available about SQDG functions in plant we should arrange it in some levels: a) structural; b) SQDG-pigment interaction; c) SQDG-protein interaction (including thylakoid proteins and enzyme activity regulation); d) SQDGprotein transport.
A structural role of SQDG. A structural role for SQDG has been proposed in that the lipid might occupy regions in the leaflet opposite to MGDG inverted micelles or the region on the convex side of the bulge or cusp in corresponding models of lipid particles. Experiments showed that addition of SQDG to mixtures of MGDG and DGDG induced the appearance of paracrystalline arrays of 8-10 nm lipid particles with number increased at increased SQDG concentration. It was proposed that the orderly arranged lipid particles containing negatively charged SQDG might be the basis for the orderly arrangement of other thylakoid molecules functioning in photosynthesis [31] . In addition to effects on proteins themselves, charged lipids can also regulate membrane properties in general. They suppress the formation of non-bilayer structures by imposing a bilayer arrangement on MGDG-enriched preparations [32] . The balance between the charged SQDG or phosphatidylglycerol (PG) and the uncharged galactolipids is probably controlled by the regulation of MGDG synthesis: the activity of UDP-galactose: diacylglycerol galactosyl transferase being altered by negatively-charged lipids -PG most, phosphatidylinositol (PI) and SQDG [33, 34] .
Haines [27] proposed that the lipid anionic headgroups of the energy transducing membranes could bind and conduct protons along the membrane surface. Anionic groups (such as the head-group of SQDG) were considered to form acid-anion dimers with two anions sharing a single proton via a hydrogen bond. Such putative acid-anion dimers may be protonated and deprotonated at a high rate, allowing protons to be conducted over long distances without exchanging with the bulk phase.
SQDG-chlorophyll interaction. A. Benson [35] was the first supposed that SQDG might assist the orientation of chlorophyll molecules in the membranes. Anderson [36] considered that chlorophyll-protein complexes has to be surrounded by boundary layers made up partly from the phytyl chains of chlorophyll molecules associated with the complexes and partly from boundary anionic lipid (particularly SQDG) components of the membranes. In addition, the correlation between the appearance of chlorophyll and SQDG concentration in photosynthetic tissues was found and amount of SQDG increased on greening of etiolated tissue or on maturation of chloroplasts [37] . In our earlier experiments we found the correlation between the SQDG content and bound form of chlorophyll in wheat plants treated with physiological active compounds and drought factors [38] . Moreover, it was suggested, that SQDG has to be connected with xanthophyll metabolism. Thus, the violaxanthin de-epoxidase independent conversion of violaxanthin into aurixanthin and some isomers which occurred in the presence of SQDG and PG could be explained by the acidic character of these lipids [39, 40] .
SQDG-protein interaction. SQDG has been found to be closely associated with certain membrane proteins. This association is probably partly stabilized by electrostatic interactions between its negatively charged sulfonate group and positive charges within the proteins. Among chloroplast glycerolipids known to be accessible on the cytosolic face of the outer envelope membrane, SQDG and probably PI, would be the sole candidates for a putative Ca 2+ -dependent interaction with annexins at the chloroplast surface. Ca 2+ plays a major role in stimulus-response coupling for many plant cell signaling pathways [41] . A variety of stimuli, including light, touch, and orientation changes, can induce a sharp increase in the equilibrium level of free Ca 2+ in the cytoplasm of plant cells. In the case of pollen tubes it has been shown the higher level of Ca 2+ at the tip [42] and it has been suggested that annexins may be one of the target for this Ca 2+ signal. Annexins are characterized by their ability to bind to specific phospholipids in a Ca 2+ -dependent manner. They are often considered to regulate membrane organization, traffic, ion conductance across membranes and enzyme activity. A 34-kD annexin of cotton fibers that inhibits the activity of callose synthase, a plasma membrane-localized enzyme is described, but maize annexins are associated with ATPase activity [43] . These findings suggest that one of the ways that some plant annexins might exhibit their cellular effects is by regulating enzyme activity. This point is interesting because ATPases activity is supposed to connect with SQDG binding (see SQDG-ATPases).
Native annexin is able to interact, in vitro, with glycerolipids (SQDG and probably PI) present in the outer leaflet of the outer chloroplast envelope membrane. In the presence of 2 mM Ca 2+ all s were fixed to the vesicles containing PI, PG or SQDG and only a partial interaction was observed with MGDG and DGDG. In the presence of 500 mM Ca 2+ , more than 50 % of annexin was found in fractions obtained from PC/PI and PC/SQDG vesicles. PC/PG vesicles also promote annexin interaction at this calcium concentration, but the percentage of bound protein is lower than for PI and SQDG. No interaction was detected with MGDG and DGDG. In the presence of 100 mM Ca 2+ , annexin was still able to bind to PC/PI, PC/SQDG and PC/PG vesicles, but at 500 mM Ca 2+ concentration, less protein was found associated to PC/PG vesicles. These results demonstrate that native cytosolic annexin in vitro displays the high affinity for SQDG and PI [44] .
Information about SQDG and the Rieske protein interaction in the cyt b6f structures is also available [45] . In the Chlamydomonas structure, an endogenous SQDG interacts via hydrogen bonds with Rieske protein Arg13 and Asn17 and cyt f Lys272. Residues Arg13 and Asn17 are conserved in cyt b6f Rieske proteins. Lys272 has been established as a key residue in the control of cyt f synthesis [46] . This suggests that the region delimited by the endogenous sulfolipid, the Rieske protein, and the cyt f helix plays a specific role in the assembly-mediated control of cyt f synthesis. Authors consider SQDG seems to be involved in the turnover of cyt f in a similar manner like D1 and raise the question of whether a similar mechanism underlies the role of SQDG in the assembly of both subunits [45] .
The study of the influence of different thylakoid lipids on the efficiency of cyt c reduction in liposomes by plastoquinol-9 (plastoquinol-plastocyanin reductase) showed that, in the absence of negatively charged lipids (PG and SQDG), the reaction is inhibited severely and it terminates after 2-3 min, probably due to aggregation of liposomes. These observations suggest that the presence of charged thylakoid lipids (PG and SQDG) is indispensable for cyt c adsorption to membranes [47] .
SQDG and PS II. SQDG was found in the reaction centre (RC) of PS II. Only certain molecular species of SQDG were found here, viz. palmitic, stearic and oleic residues made up most of the lipid present [48] . The bound SQDG and DGDG were localized at the surface of the native D1/D2 heterodimer (66 kDa) and bound SQDG might, therefore, hold the dimer together [49, 50] . Tight binding of certain lipids to defined peptides of the PS II core has a functional significance, since treatment with antibodies inhibits electron transport on the donor side of PS II [51] . However, Murata et al. [52] showed that the MGDG was the only lipid found in the PS II RC. The PS II core complex contained MGDG, DGDG and PG, but it lacked SQDG. These authors concluded that SQDG did not contribute to the activity of PS II.
Results of study of Nicotiana tabacum indicate that D1-peptide isolated via SDS-polyacrylamide gel electrophoresis contained MGDG, PG and SQDG molecules bound in the molar ratio 1:3:17. It was shown by Western blotting that the 66 kDa band of the isolated dimeric D1 reacts positively only with the antisera to MGDG, SQDG, b-carotene and violaxanthin. The lipid analysis of N. tabacum LHC II showed that it contained in bound form 3 molecules of MGDG, 1 molecule of DGDG, 1 molecule of PG and 1 molecule of lutein. Less than 1 molecule of sulfolipid, b-carotene, neoxanthin and violaxanthin were found. Only the antiserum to MGDG and PG and among the carotenoid antisera to b-carotene, violaxanthin and to neoxanthin reacted in the Western blot analysis. With the antisera to the DGDG, to the SQDG and the antisera to the xanthophylls, namely to lutein and neoxanthin, a positive reaction occurred only in the «total» PS II-preparation [53] .
SQDG and LHC II. Krupa et al. [54] noted that SQDG was the major lipid in LHC II after treatment with galacto-and phospholipases. Since from 20 to 25 % of the complex was still present as an oligomer, it was argued that SQDG was involved in stabilizing LHC II. Results presented by Sigrist at al. [55] showed that LHC II-complexes of C. reinhardtii were enriched in SQDG with palmitate. It was calculated that 40 % of the thylakoid SQDG was tightly associated with LHC II, thus every LHC II-apoprotein was associated with two molecules of SQDG bound exclusively by hydrophobic interactions. The high degree of saturation of bound SQDG (75 % palmitate; 50 % dipalmitoyl SQDG species) facilitated the interaction between this compound and protein. It was also shown by Remy et al. [56] that the oligomeric form of the LHC II-complex is enriched in both SQDG and PG [57] . Monomerization of the complex resulted in loss of PG but not SQDG. The lipid may play a role in establishing the correct tertiary structure thus allowing proper interaction between LHC II components. In addition, intermolecular hydrophobic interactions were reported between the anionic SQDG and a 25 kDa polypeptide [51] which was characterized by high levels of phosphorylation [58] . This information allows us to suggest that SQDG might be involved in regulation of light energy distribution between the two photosystems via the phosphorylation of the mobile antennae.
Besides, there is a suggestion concerning a role of SQDG in PS II core complex dimerization. The low molecular mass protein PsbH of the PS II core dimer contains a cluster of positively charged residues located at the stromal surface of its single transmembrane helix [59] . This region could be a site for binding PG and is also the region of reversible N-terminal phosphorylation [60] . Therefore it looks like conceivable that SQDG could substitute PG in the dimerization processes in the case of phosphate starvation. But experiments with C. reinhardtii grown under sulfur or phosphorus limitation showed that decreases in PG levels were not as obvious as the reduction in SQDG content under sulfur-limited conditions. These data may reflect the fact that PG plays some essential role that cannot be substituted by SQDG [61, 62] . On the other hand, it is known that phosphorus deficiency can induce SQDG accumulation. Thus, it seems conceivable that SQDG is able to substitute PG at least partly in the case of phosphorus deficiency.
SQDG and ATPases. In some cases the interactions may be very strong suggesting the ability of saturated SQDG molecules to associate with purified chloroplast CF0-CF1 ATPase [63] . Since SQDG removal caused the protein complex inactivation it was assumed the lipid was an integral part of the complex. Barber and Gounaris [5] have suggested that SQDG neither contributes significantly to the bulk lipid matrix nor is involved in «protein packing» like MGDG, but plays a more specific and intimate role in catalytic protein activities. Molecular species of SQDG involved in enzymatic activity are thought to contain a high amount of saturated acyl fatty acid chains and, perhaps, therefore act as «boundary» lipid. It was shown also that SQDG protects CF1 against cold inactivation in the presence of ATP. CF1 bound to membranes was found to be much more resistant to heat and cold than solubilized protein. Binding of CF1 to membranes is promoted by lipids and SQDG was considerably more effective than the galactolipids and phospholipids. Mitochondrial CF1 is similarly protected by phospholipids and SQDG both, but they were equally effective [64] .
It looks like SQDG in roots and non-photosynthesizing tissues is involved in ATPase function. It has been reported that activity of the bean root ATPase, extracted with acetone, could be partially restored by addition of lipids. In this case SQDG was the most efficient, whereas small or insignificant effects were obtained with phosphatidylethanolamine, PG and MGDG. DGDG and PI were completely ineffective [30] . P. J. C. Kuiper suggested that a lipid composition change induced by a shift of temperature could affect the ATPase temperature response in vivo. In addition, SQDG was proposed to be essential for an active microsomal Na + /K + -stimulated ATPases. A net negative surface charge may be a prerequisite for attracting the highly mobile univalent cations Na + and K + and, thus, for maintaining the function of the lipoprotein complex [21] . Recent experiments showed that increased activity of F-ATPase localized in chloroplast and mitochondria correlated with NaCl concentrations in the growth medium in Aster and, to a less extent, in Sesuvium. This phenomenon was accompanied by significant increase of SQDG content in these species. Authors concerned that this increase has to be involved in stabilization of ATPase complexes and PS II-Aster F-ATPase activity increased with increasing NaCl concentration in the growth medium [65, 66] . These results confirmed the suggestion that sulfolipids stabilize and/or activate F-ATPases. Thus, taking into account that plenty of metabolic processes and adaptative reactions flow engaging ATPases, one could suppose the extent of SQDG involvement in these processes.
SQDG and other enzyme activity. Some experiments demonstrate a regulatory role of SQDG in enzyme activity. This association probably occurs by electrostatic interactions between the negative part of the glycolipid (sulfonate), and positive charges of the proteins. Particularly, the interaction of lipid-activated phospholipase A 2 (PLA 2 ), an enzyme responding in a dose-dependent manner, with more saturated SQDGs caused less activation. The activation took place at very low SQDG concentrations and high concentrations failed to increase activation further. Using intrinsic fluorescence to detect conformational changes in proteins due to substrate or ligand binding, it was found that the fluorescence intensity of porcine pancreatic PLA 2 was drastically enhanced in presence of SQDG. It was interpreted as indication of transition from the inactive to the hypothetical active state of the enzyme-bilayer complex [67] .
The activity of another lipid-metabolizing enzyme, the UDP-galactose:diacylglycerol galactosyltransferase, is enhanced with negatively charged lipids (PG most, PI and SQDG) [34] . On the other hand, chlorophyllase activity assays show that anionic lipids (PG and SQDG) can associate with isolated enzyme preparations, thereby inactivating them in a co-operative fashion. The extent of this inactivation depends on the pH and ionic strength of the reaction medium and can be reversed by divalent cations [68] . Besides, Baccio et al. [69] considered that anionic lipids SQDG and PG are able to interact with the basic protochlorophyllide oxidoreductase complexes, stabilizing the prolamellar body structure. In addition, inhibitory activity of aggregated SQDG was observed toward b-glucosidase. Deacylated SQDG derivatives showed no inhibition and, therefore, it was assumed that inhibition by SQDG required the hydrophobic acyl groups perhaps to produce an aggregate and/or to interact with a hydrophobic site in the enzyme. The competition between SQDG and DGDG in mixed micelles were suggested to reduce access of SQDG to the b-glucosidase and to suppress the inhibition [70, 71] .
Another property attributed to SQDG is a potenlial effect against AIDS virus [72] . Extracts of SQDG and sulfoquinovosyl monoacylglycerol (SQMG) from lower plants was shown to be potent inhibitors of DNA polymerases a and b in vitro and effective antineoplastic agents. SQDG and SQMG with longer acyl chains were more effective than those with shorter chains, especially SQMG containing 18C acids. Both isomers were effective against DNA polymerase a and b. DNA polymerase a was non-competitively inhibited. Both SQMG and SQDG were also effective as antagonists of both template-primer DNA-binding and nucleotide substrate-binding of DNA polymerase [73] . Data from other studies showed that SQDG isolated from a marine red alga, Gigartina tenella, inhibited eukaryotic DNA polymerases and HIV-reverse transcriptase type 1 in a dose-dependent manner [74] . It was found that the mode of inhibition of DNA polymerase and human immunodeficiency virus reverse transcriptase (HIV RT) was competitive with the DNA template primer and was non-competitive with the substrate deoxythymidine triphosphate. In both cases the whole molecular structure is required for inhibition which was abrogated by loss of the sulfonate from position 6 of the hexose ring [75, 76] .
Role SQDG in protein transport. It is known that transit peptides are necessary for targeting and translocation of chloroplast proteins into the chloroplast interior [77] . These peptides are rich in basic amino acids. This property may facilitate their interactions with acidic lipids and effective insertion into monolayers of PG, SQDG and MGDG [50] . The anionic lipids seem to be the strongest determinants for protein insertion. For example, the transit peptides of the small subunit of Rubisco (SSU) [78] and ferredoxin (Fd) [79, 80] interact with MGDG, SQDG and PG, whereas the transit peptide of outer chloroplast envelope membrane protein toc75 is inserted only into the negatively charged chloroplast lipids, SQDG and PG. However, experiments performed in order to establish whether electrostatic or hydrophobic interactions were the more important in determining interactions with lipids showed that insertion of proteins into monolayers of total lipid extracts from the chloroplast outer membrane was not reduced by high salt (masking the negative charge of the anionic lipids). Thus hydrophobic interactions seems to be dominant in determining interactions. A similar conclusion was made for the interaction of peptides corresponding to different regions of the transit sequence of the small subunit of ribulose bis-phosphate carboxylase with outer membrane lipids [78] .
During interaction with membrane lipids in small unilamellar vesicles, peptide transit sequences can undergo a two-state random coil-helix transition [81] . Anionic lipids like PG or SQDG are strong a-helix promoters. They can convert up to 50 % of the polypeptide into a helical conformation. The location of the induced a-helices within the overall peptide is not known. The only precise information available concerns the transit peptide of ferredoxin from C. reinhardtii, and Lancelin et al. [82] argue that the a-helix is localized at the N-terminus. The model proposed assumes the newly synthesized precursor to interact initially via its transit sequence with cytosol-exposed lipid domains in outer membrane. The C-terminus of the transit sequence is suggested to interact with anionic lipids whereas the N-terminus interacts preferentially with chloroplast specific MGDG. These interactions are followed by insertion of both domains into the lipid layer. Besides, it has been demonstrated in vitro that import of cytoplasmically synthesized proteins into chloroplasts requires ATPase activity [83] , which in turn are SQDG-bind enzymes.
Thus, one could see that SQDG is multifunctional compound presumably supporting energy transforming processes. In the next part we consider results of experiments with SQDG-deficient mutants supporting some of the information presented.
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